, 39% OM, and 15% BC and differs from inventories that used 81%, 14%, and 5% and 31%, 63%, and 6% SO 4 2À , OM, and BC, respectively. SO 4 2À and OM mass were found to be dependent on fuel sulfur content as were SSA, hygroscopicity, and CCN concentrations. BC mass was dependent on engine type and combustion efficiency. A plume evolution study conducted on one vessel showed conservation of particle light absorption, decrease in CN > 5 nm, increase in particle hygroscopicity, and an increase in average particle size with distance from emission. These results suggest emission of small nucleation mode particles that subsequently coagulate/condense onto larger BC and OM. This work contributes to an improved understanding of the impacts of ship emissions on climate and air quality and will also assist in determining potential effects of altering fuel standards.
Introduction
[2] The world shipping fleet consists of over 100,000 vessels larger than 100 gross tonnes [Corbett and Koehler, 2003] , consumes up to 289 million tonnes of fuel per year [Corbett and Koehler, 2003; Endresen et al., 2003; Eyring et al., 2005a] and has estimated future growth of 2 -6% a À1 [Corbett et al., 2006; Eyring et al., 2005b] . Oceangoing ships running large slow-speed diesel (SSD) engines generally burn low-quality residual fuels that tend to contain high amounts of sulfur and heavy metals. Smaller vessels, such as tugboats, fishing vessels and ferries operate medium-speed diesel (MSD) engines that use mostly distillate fuels within nonroad equipment fuel quality standards [U.S. Environmental Protection Agency, 2004] . International commercial shipping vessels operate across international waters with little or inconsistent regulation of fuel quality or pollution emissions; domestic fleets serve coastal shipping, resource extraction, harbor service, and vessel assist duties. Aside from CO 2 and H 2 O vapor, the expected gas phase products of fuel combustion from shipping (ranked on a mass basis) include nitrogen oxides (NO X ), sulfur dioxide (SO 2 ) and carbon monoxide (CO) (E. Williams et al., Emissions of NO X , SO 2 , CO, H 2 CO and C 2 H 4 from commercial marine shipping during TexAQS 2006 , submitted to Journal of Geophysical Research, 2008 . CO 2 is the most ubiquitous greenhouse gas and emissions from commercial shipping vessels represent $3.3% of global anthropogenic emissions (excludes CO 2 from land use change) [Eyring et al., 2005a; Intergovernmental Panel on Climate Change (IPCC), 2007] . NO X is a catalyst in tropospheric ozone formation which has both health and climate impacts [IPCC, 2007] and shipping contributes $15-30% to global fossil fuel sourced NO X emissions [Corbett et al., 2007a] . Commercial shipping is estimated to contribute 5 -8% of global anthropogenic SO 2 emissions [Eyring et al., 2005a] . Gaseous oxides of sulfur produced during combustion of fossil fuels can be oxidized to particulate sulfate (SO 4 2À ). In addition to SO 4 2À formed from SO 2 , particulate emissions from shipping include BC, organic matter (OM) and ash [Petzold et al., 2004] , which include particles of fuel-bound minerals and heavy metals.
[3] Globally, shipping is thought to contribute almost as much primary PM as road traffic (1.7 Tg a À1 compared to 2.1 Tg a À1 [Eyring et al., 2005a] ), including 1.7% of global total BC emissions [Lack et al., 2008a] and 7.5% of fossil and biofuel sourced OM emissions [Ito and Penner, 2005; Wang et al., 2008] . (In section 3.3 we show that all light-absorbing carbon (LAC), at 532 nm, is BC. Therefore the terms BC and LAC (used in the Lack et al. [2008a] study) can be used interchangeably for this study.) Field observations of the chemical composition of PM emissions from shipping vessels are scarce. Hobbs et al. [2000] ruled out BC, SO 4 salts and ammonium nitrate as major contributors to the direct PM from ship emissions; and their results for BC are consistent with engine tests that show high-temperature, high-pressure engines (e.g., large marine engines) are efficient at converting fuel carbon to CO 2 . Results of volatility experiments from Hobbs et al. [2000] showed that the major components of the PM were high boiling point organics with some sulfuric acid. Kasper et al. [2007] and Petzold et al. [2008] both found, that after passing PM through a thermal denuder, condensation nuclei (CN) emission factors decreased from 35 to 90% suggesting that much of the PM from marine diesel engines is in the form of externally mixed volatile particles, supporting the findings of Hobbs et al. [2000] . Petzold et al. [2004] estimated that PM emissions from a marine diesel engine burning heavy fuel oil (HFO) in controlled laboratory conditions (at 25% engine load) contained organic carbon (OC, 7%), SO 4 2À (38%), SO 4 -bound water (30%), BC (7%) and ash (7%). Kasper et al. [2007] measured mass emissions from a two-stroke marine diesel engine burning both residual and distillate marine fuels; that study reported that PM emissions contained $17% OC and $17% elemental carbon (EC). Sax and Alexis [2007] compiled and reviewed PM mass emission factors from stack tests of marine diesels on oceangoing vessels. They summarized more than 10 unique studies and presented an averaged PM mass-based emission factor for ships burning marine distillate oil (MDO, fuel sulfur content $0.25%) and HFO (fuel sulfur content $2.5%). Sax and Alexis's [2007] review reveals large variability in PM mass emissions, with only a weak relationship between PM emissions and fuel sulfur content for HFO-burning vessels. This variability was also demonstrated in the Lloyd's Register [1995] study for PM mass and by Lack et al. [2008a] for BC emissions.
[4] Hobbs et al. [2000] , Petzold et al. [2008] , Kasper et al. [2007] , Frick and Hoppel [2000] , and Durkee et al. [2000] all investigated size distributions of PM emissions from marine diesel engines and found the majority of particles having diameters from 10 to 100 nm with very few above 250 nm. Lyyranen et al. [2002] found additional modes around 2 and 10 mm which formed from heavy metals (i.e., ash) and fuel residue particles respectively. Lyyranen et al. [1999] showed that although the size distributions of PM from large and small marine diesel engines were very similar, the absolute magnitude of PM mass from the smaller engines was higher by as much as a factor of two.
[5] Emissions from commercial shipping vessels contribute significantly to perturbations in air quality, visibility and climate. The link between PM emissions and health effects was recently assessed for global shipping emissions when Corbett et al. [2007b] estimated that up to 60,000 premature deaths result annually. The primary reason for the efficacy of shipping emissions to health is because 70% of shipping occurs within 400 km of land [Corbett et al., 2007b; Wang et al., 2008] and major shipping ports are located in areas surrounded by large populations.
[6] Emissions of BC, OM and SO 4 2À from shipping perturb the radiation balance because of direct scattering or absorption of radiation. The annual radiative impact of PM emissions from commercial vessels is believed to be a cooling effect. Schreier et al. [2006] , Capaldo et al. [1999] , and Lauer et al. [2007] concluded that SO 4 2À formed from ship-emitted SO 2 is a major contributor to cloud condensation nuclei (CCN) and ship track formation. These tracks have been observed from satellites [Schreier et al., 2007] with decreased cloud droplet effective radius, increased droplet concentrations and increased cloud optical thickness relative to unpolluted clouds [Devasthale et al., 2006] . Hobbs et al. [2000] and Sinha et al. [2003] measured the fraction of CCN to total PM emissions and found that between 4 and 18% of shipping PM number emissions can contribute CCN. Schreier et al. [2007] estimated the globally averaged magnitude of the radiative forcing of ship tracks from satellite imagery to be À0.4 mW m
À2
. The overall impact of ship tracks and the subsequent dilution of the emissions into the regional environment (which cannot be detected using satellites) has been estimated at À0.11 W m À2 and À0.19 to 0.60 W m À2 by Capaldo et al. [1999] and Lauer et al. [2007] , respectively. Overall radiative forcing effects must also include the cumulative effect of CO 2 from ships using fossil fuels since the late 19th century, recently estimated to be $0.046 W m À2 in 2007 and projected to grow to between 0.096 and 0.115 W m À2 by 2050 [Buhaug et al., 2008] .
[7] Fuel quality, engine type (combustion conditions) and vessel activity play major roles in the properties and variability of emissions. An improved understanding of emissions and processing of particles from a cross section of marine fuel types, diesel engine types and ship activity is essential to improve understanding of ship PM characteristics in the atmosphere, and the impact of shipping emissions on health, visibility and climate. Here we describe a comprehensive data set of chemical, physical and optical properties of the PM emissions from up to 211 commercial shipping vessels that were sampled during the Texas Air Quality Study/Gulf of Mexico Atmospheric Composition and Climate Study (TexAQS/GoMACCS) 2006.
Field Observations

TexAQS/GoMACCS 2006 Study
[8] During August -September 2006 the NOAA research vessel Ronald H. Brown (RHB) conducted a research cruise from Charleston, South Carolina to Houston, Texas, with most sampling occurring in the Gulf of Mexico, Galveston Bay and the Houston Shipping Channel. During 37 days of sampling more than 1100 commercial and private marine vessels were encountered. Of the plumes of commercial vessels encountered 211 were of sufficient duration and quality to be included in this analysis. Ship information, including size, commercial type, and speed was gathered from Automated Information System (AIS) broadcasts from each vessel. AIS is a globally implemented collision avoidance system required on all vessels larger than 300 gross tonnes (Gt) where specific data (ship name, position, speed, heading, type, etc.) are transmitted continuously over VHF, up to a range of 12 miles. Unique vessel plumes were identified using a combination of the AIS information and meteorology measured onboard the RHB.
Instrumentation
[9] The RHB was fitted with instrumentation capable of measuring numerous air quality and climate relevant parameters. To capture sufficient data from the ship plumes, all instrumentation required a time response of <5 s, which limited certain parameters from being measured (e.g., particle size distributions).
Gas Phase
[10] Carbon dioxide (CO 2 ) was determined via nondispersive infrared spectroscopy (LiCor model LI-7000) and SO 2 was measured via pulsed UV fluorescence (TEII model 43s). (Certain commercial equipment, instruments, or materials are identified in this article in order to adequately specify the experimental procedure. Such identification does not imply recognition or endorsement by the National Oceanic and Atmospheric Administration, nor does it imply that the material or equipment identified is necessarily the best available for the purpose.) Further detail on gas phase instrumentation is given by Williams et al. (submitted manuscript, 2008) and Bates et al. [2008] . Fuel sulfur content in percent by mass was estimated by dividing the SO 2 mass emission factors by 20 [Cooper, 2003; Hobbs et al., 2000; Lloyd's Register, 1995] , and is estimated to have an uncertainty of ±10%. For this calculation SO 4 2À emissions were converted to SO 2 equivalent and added to the SO 2 emission factors to obtain a more certain estimate of fuel sulfur.
Particulate Phase
[11] All particle chemical, physical and optical instruments were located in one of three laboratory vans and sampled from the common particle inlet mast. Details of this system are reported by Bates et al. [2008] . A brief summary is included here. The mast, which extended 5 m above and forward of the particle measurement containers, consisted of a 5 cm diameter inlet nozzle sampling at 1 m 3 min À1 and was automatically positioned into the relative wind. The lowest 1.5 m of the mast was heated to reduce the RH to 60 (±5) %. Air was subsampled through 1 mm, 50% cutdiameter impactors at 30 l min
À1
. For instruments requiring flows less than 30 l min À1 the flow was subsampled using isokinetic probes. To avoid sample losses, all tubing connecting instrumentation was routed with conductive tubing and minimal sharp bends. All parameters are reported at standard temperature and pressure (STP, 273 K, 1013 hPa).
Chemical Properties
[12] Chemically classified and size-resolved mass loadings of submicron particles were measured using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) developed at Aerodyne Research, Inc., (Billerica, Massachusetts, USA) [Allan et al., 2003; DeCarlo et al., 2006; Drewnick et al., 2005; Jayne et al., 2000] . For the specific purpose of measuring particulate emissions from ships, the AMS was operated in a rapid MS-only mode. The chemical species measured included NH 4 + , NO 3 À SO 4 2À and most organic carbon species but does not include crustal oxides, BC, or sea salt. This is one of the first applications of a rapid data collection technique and was only attempted during concentrated vessel traffic. The AMS was calibrated multiple times during the study according to established procedures [Allan et al., 2003; Jayne et al., 2000; Jimenez et al., 2003] . The average ionization efficiency and instrument sensitivity remained constant with a precision of ±10% during the study. The collection efficiency (CE) of the AMS is related to particle size and phase [Liu et al., 2007; Matthew et al., 2008] and can be estimated by directly comparing PM measurements from the AMS to other mass and number-based measurements (e.g., Scanning Mobility Particle Sizer (SMPS), Particle In Liquid Sampler (PILS)). For this high time resolution study there were no compatible measurements available for direct CE determination. However, on the basis of analyses from the TexAQS/GoMACCS 2006 study (details to be published elsewhere) and from NEAQS 2004 [Quinn et al., 2006] , AMS CE for ambient particles is controlled in large part by the phase of the sulfate in the particles. For cases where the ambient sulfate component was acidic (as is in this study), the AMS CE with respect to particle bounce effects was observed to be 1.0. Laboratory studies have shown that the AMS quantitatively (e.g., CE = 1.0) measures the condensed organic material (solid and liquid coatings) on soot particles generated from premixed flames [e.g., Slowik et al., 2007, Figure 13] . Taken together, this information (and that the ship plumes contained only SO 4 2À , OM and BC) implies that the AMS CE for the ship particulate emissions measured during this study should be unity and was chosen to be 1.0 for this study. Without direct confirmation of the AMS CE, the mass measured by the AMS represents a reasonable lower limit for the emitted SO 4 2À and OM with combined uncertainties for the AMS measured particulate emissions of À10% and +40%.
Physical Properties
[13] Air from the sample inlet was supplied to TSI 3025A, TSI3785, TSI3010 and TSI 3760 particle counters. The 3025A, 3785, 3010 and 3760 measure all particles larger than roughly 3, 5, 12 and 13 nm respectively. The counts from the four detectors are referred to here as CN > 3 nm (TSI3025), CN > 5 nm (TSI3785), CN > 12 nm (TSI3010) and CN > 13 nm (TSI3760). The total particle counts from each instrument were recorded every second. The data were filtered to eliminate periods of calibration and instrument malfunction and periods of RHB exhaust contamination (based on relative wind and high CN counts). The ''best'' filtered values were chosen to represent CN > 13 nm and CN > 5 nm particle concentrations. The best CN > 13 nm values primarily include data from CN > 12 nm and the data from CN > 13 nm were used to fill in periods when the CN > 12 nm were not available. Similarly, the CN > 5 nm values primarily include data from CN > 5 nm and the CN > 3 nm data were used to fill in periods when CN > 5 nm were not available. Reported measurement uncertainties are ±5% for all CN measurements.
[14] A CCN counter (Droplet Measurement Technologies (DMT)) was used to determine CCN concentrations at supersaturations of 0.22, 0.44, 0.65, 0.84, and 1.0%. Details concerning the characteristics of the DMT CCN counter are given by Roberts and Nenes [2005] and Lance et al. [2006] . A multijet cascade impactor [Berner et al., 1979] with a 50% aerodynamic cutoff diameter of 1 mm was upstream of the CCN counter. Data reported here are for a supersaturation setting of 0.44%. The CCN counter was calibrated before and during the experiment as outlined by Lance et al. [2006] . The uncertainty associated with the CCN number concentrations is estimated to be less than ±10% [Roberts and Nenes, 2005] . Uncertainty in the instrumental supersaturation is less than ±1% for the operating conditions of this experiment [Roberts and Nenes, 2005] .
Optical Properties
[15] Particle extinction (dry, RH $ 25%) was measured using a cavity ring-down aerosol extinction spectrometer (CRD-AES [Baynard et al., 2007] ) at 1064 nm, 532 nm and 355 nm (b Ext,1064nm , b Ext,532nm , b Ext,355nm ). Two additional 532 nm CRD-AES channels were operated at elevated RH ($85%, 75%) and combined with the dry 532 nm channel to calculate the RH dependence of particle extinction. An additional 532 nm channel measured filtered air to determine the interference from gas phase absorbers (e.g., NO 2 , O 3 ) at that wavelength. This signal was subtracted from total extinction and total absorption. Gas phase interference contributed, on average 4% to extinction and 15% to absorption. Reported measurement uncertainties are 1% (b Ext,532nm dry) and $5% (b Ext,532nm high RH, b Ext,1064nm , b Ext,355nm ) [Baynard et al., 2007] .
[16] Particle absorption was measured at 532 nm (b Abs,532nm ) using a photoacoustic aerosol spectrometer (PAS [Lack et al., 2006] ). Gas phase absorption was removed as described above and most of the PAS data set was described by Lack et al. [2008a] , taking the form of BC mass emissions, which can be derived from particle light absorption measurements. Particle absorption was also measured using a three-wavelength particle soot absorption photometer (PSAP; Radiance Research Inc., USA) at 670 nm, 530 nm and 440 nm (b Abs,670nm , b Abs,530nm , b Abs,440nm ). PSAP data were corrected for filter surface area, flow calibrations and filter transmission according to Bond et al. [1999] , an additional filter spot size correction and scattering corrections according to Virkkula et al. [2005] . This modified PSAP scheme was applied as a result of the commercial three wavelength PSAP having different geometry than the one used in the Virkkula et al. [2005] study. Reported measurement uncertainties are ±5% (b Abs,532nm ) and ±20% (b Abs,660nm , b Abs,530nm , b Abs,440nm ).
Calculating Emission Factors
[17] Emission factors for the chemical, physical and optical properties of the shipping plumes were calculated using the CO 2 balance method . This method removes any background contributions (background defined as the preship and postship plume concentrations of the measured species) and accounts for plume dilution. Emission factors for OM, SO 4 2À , NH 4 + and NO 3 À (EF OM , EF SO4 , EF NH4 , EF NO3 ) were calculated using equation (1). Emission factors for CN > 13 nm, CN > 5 nm and CCN (EF CN>13nm , EF CN>5nm , EF CCN ) were calculated using equation (2). Emission factors for extinction at 1064 nm, 532 nm and 355 nm (EF Ext,1064nm , EF Ext,532nm , EF Ext, 355nm ) and absorption at 670 nm, 532 nm, 530 nm and 440 nm (EF Abs,670nm , EF Abs,532nm , EF Abs,530nm , EF Abs,440nm ) were calculated using equation (3).
The conversion factors f fuelÀchemical (1.62 g mg m 3 ppmv kg À1 ), f fuelÀphysical (1.62 Â 10 12 cm 3 ppmv kg
À1
) and f fuelÀoptical (1.62 m 2 ppmv Mm kg
) convert concentrations of the parameters in air to concentrations per unit fuel burnt and includes (1) the fraction of fuel that is carbon (0.865 by weight [Lloyd's Register, 1995] ) and (2) the conversion of CO 2 mixing ratio to concentration of carbon. Conversion of EF Abs to EF BC is achieved using a mass absorption coefficient, at 532 nm, of 7.75 m 2 g À1 . The precision of the emission factor is calculated to be 8% [Lack et al., 2008a] . Other uncertainties in the calculated quantities include the standard deviation in the ratio between the measured parameter and CO 2 (on average ±10%), uncertainty in fuel carbon content (±1%) and total carbon conversion to CO 2 (±2%). The uncertainty in converting EF Abs to EF BC is ±15.5% [Lack et al., 2008a] . Combined these uncertainties give a total uncertainty in emission factors of approximately ±13% for all but EF BC , which has an uncertainty of approximately ±20%, and EF Chemical which is in the order of ±20%. Figure 1 shows particle extinction (3 RH levels) and CO 2 time series and regressions for a representative ship plume. All chemical, physical and optical properties were analyzed in this way. Emission factors were included in this analysis if the R 2 for the regression of the various parameters with CO 2 was above 0.85. Insufficient data points or low signal levels contribute to rejection of a plume based on these criteria.
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[18] One aspect to consider when reporting emission factors is whether the measured parameter is conserved as the plume evolves [Petzold et al., 2008] . For example particle number concentrations will not be conserved downwind of emission as particles coagulate and are removed through deposition. Petzold et al. [2008] used the term ''effective emission indices'' for emissions that were not conserved downwind of emission. We maintain the term ''emission factor'' for all parameters as it cannot be determined which of the emitted species, if any, are entirely conserved downwind of emission. For this study we consider any nonconservation of the parameter in terms of particle processing and utilize this change as an investigative tool. It remains that field observations of emissions in the environment will not be true emission factors if any transformation occurs (through coagulation, deposition or chemical processing).
Optical Intensive Properties
[19] Intensive particle optical parameters were calculated using the STP emission factors from the shipping plumes rather than the direct measurement itself. This approach removes any contribution of background particles and dilution from the calculated parameter. As such, all equations below show the emission factors as contributing parameters.
[20] The wavelength (l) dependence of particle extinction and absorption was calculated according to equation (4), which describes the Å ngström exponent (Å ).
The widest wavelength range for extinction Å was 355 nm to 1064 nm (Å Ext,355nm,1064nm ) while for absorption it was 440 nm to 670 nm (Å Abs,440nm,670nm ). All other wavelength combinations are included in this analysis. Å ngström exponents for extinction give an indication of particle size, specifically Å Ext,355nm,1064nm > 2 indicates dominance of particles smaller than 100 nm, while Å Ext,355nm,1064nm < 1 indicates dominance of particles larger than 500 nm [Schuster et al., 2006] . Å ngström exponents for absorption give an indication of the contribution of absorbers other than BC, with Å Abs $ = 1 indicating mostly BC, while Å Abs > 1 tend to indicate organic matter or dust absorbing in the blue/UV wavelengths [Bergstrom et al., 2007; Kirchstetter et al., 2004] .
[21] Particle single scattering albedo at 532 nm (w 532nm ) was derived from CRD-AES extinction and PAS absorption according to equation (5).
The RH dependence of extinction of atmospheric particles can be described by Gamma (g Ext,532nm ) . Gamma is the slope of the regression of multiple extinction terms measured at various RH levels versus these RH terms (equation (6)).
3. Results
Overview
[22] The study area, cruise track of the RHB and the locations of most encounters with shipping vessels during the study is shown in Figure 2a . This study captures the diversity and distribution of vessel types within the global fleet ( Figure 2b) [adapted from Corbett and Koehler, 2003] although we recognize that the sampling region does contain, and should be expected to contain, regional differences from the global composition. For example cargo and bulk ships are under sampled in this region compared to the global average. Vessels classified as ''other'' include fishing vessels, tugboats and ferries. The parameters and symbols used for each measurement and the emission factors derived from that measurement are summarized in Table 1. Table 2 contains averages of the measured chemical, physical and and CO 2 data for all RH levels. RH dependence of extinction calculated using these three slopes and equation (6). All emission factors were calculated in this manner.
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LACK ET AL.: PARTICULATE EMISSIONS FROM SHIPS optical properties averaged for (1) all vessels, (2) vessels equipped with SSD engines, (3) vessels equipped with MSD engines, (4) vessels burning high-sulfur fuel, and (5) vessels burning low-sulfur fuel. It must be noted that most often SSD vessels burn high-sulfur fuel and MSD vessels burn low-sulfur fuel, however this is not always the case. Classification of categories 1 and 2 was derived from the AIS information and from the Lloyd's MIU [2006] directory while calculated fuel sulfur content, derived as noted above, was used to classify categories 4 and 5.
[23] The following details are reiterated: (1) all sampling was carried out behind a 1 mm cut point impactor, so contributions of larger particles were not measured; (2) the method of calculating emission factors removes any contribution of background PM; and (3) unitless emission factors are in fact intensive properties of the PM emissions with the background contribution removed.
Particle Composition
[24] Shipping emissions were found to contain exclusively SO 4 2À , OM and BC (Table 2) . Ash is likely the only emission that could not be measured in this study and is thought to comprise a few percent of total mass emissions [Petzold et al., 2004] . Emitted SO 4 2À is very likely sulfuric acid indicated by the absence of NH 4 + or NO 3 À . SSD vessels are emitting more than twice as much SO 4 2À and OM compared to MSD and high-speed diesel (HSD) vessels (Table 3) while MSD vessels emit more than twice as much BC as SSD and HSD vessels (Lack et al. [2008a] and Table 3 ). Unlike BC emissions, SO 4 2À and OM emissions are of similar quantity among other vessel classes. Table 3 also shows a breakdown of measured SO 4 2À , OM and BC emission factors for vessel commercial classification (i.e., tanker, container, cargo and bulk ships and tug and passenger boats). We emphasize that these emission factors are for emissions up to $15 min downwind of the exhaust stack. SO 4 2À generally is not emitted directly from these engines, but forms after release from the stack. As a result, reported emission factors for SO 4 2À derived from this study are for ''freshly formed'' emissions and the eventual mass of SO 4 2À formed from vessel emissions may be higher.
Particle Absorption and Composition
[25] The OM component of the emissions is shown to be non-light absorbing at visible wavelengths (Figure 3a) , which provides some insights to the OM composition. The wavelength dependence of absorption (Å Abs ) of pure BC is expected to be unity. Kirchstetter et al. [2004] and Lewis et al. [2008] showed that some OM emitted by biomass combustion have a spectral dependence of light absorption that is stronger than that due to BC (i.e., Å Abs > 1). As shown in Table 2 and Figure 3a , Å Abs averaged 0.98 (±0.20) for all wavelength combinations indicating that the majority of OM from shipping emissions does not absorb light at the visible wavelengths of the PSAP. As a result the terms ''BC'' and ''light-absorbing carbon'' (LAC) are interchangeable for this study. We also show that the PSAP and PAS (at 532 nm) are comparable to within the uncertainties of the instrumentation (PSAP = 20%, PAS = 5%) ( Figure 3b , slope (R Abs ) of 1.1), which addresses concerns about potential biases in the PSAP [Lack et al., 2008b] .
Particle Number Concentrations
[26] On average SSD engines produce more particles (EF CN>5nm ) than MSD engines (Table 4) . This is consistent with SSD engines running at higher temperatures and pressures that are combustion conditions favorable to the production of higher number concentrations [Heywood, 1988] . The average EF CN>5nm (total CN) for all vessels encountered is 1.27 (±0.95) Â 10 16 particles kg À1 (Table 2 ). Up to 4 min downwind of emission nucleation mode particles (<13 nm) dominate number concentrations (Figure 4) . After approximately 4 min most particles are >13 nm, presumably because of growth by coagulation. Figure 4 shows that nucleation mode particles (5 -13 nm) can exceed the Aitken mode (>13 nm) by up to 10 times just after emission, however most particles are within the Aitken mode soon after 4 min from emission. This result is consistent with emission or very fast formation of small sulfuric acid particles, which then coagulate with the larger OM and BC. It is also observed that the relative contributions of nucleation mode particles to the total are independent of engine type. [Corbett and Koehler, 2003] . ''Other'' includes tugboats, ferries, large fishing vessels, etc. Excludes military vessels.
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Effect of Fuel Sulfur on Particulate Emissions
[27] The following sections present data for which significant correlations were found between measured parameters and fuel sulfur content. Here it is important to consider that most diesel engine systems are designed to maintain high-exhaust gas flows and temperatures to reduce formation of SO 3 to a few percent and avoid water condensation temperatures [Heywood, 1988; Stinson, 1990; Turns, 1996] . The operation of engines in this manner minimizes corrosive exhaust gases and allows fuel sulfur to be emitted almost exclusively as SO 2 , which means that sulfur-containing aerosols are generally formed following release from the stack.
Fuel Sulfur and Particle Composition
[28] Emissions of SO 4 2À and OM appear linearly correlated with fuel sulfur content (Figures 5a and 5b) while emissions of BC appear inversely correlated to fuel sulfur content (Figure 5c ). The SO 4 2À relationship is expected while the relationship observed between OM and fuel sulfur may be explained by the consumption rates of cylinder lubricating oils. Engines consume cylinder lubricating oil, in part to help neutralize the corrosive products formed from the fuel sulfur [Heywood, 1988] . Consumption rates of lubricating oil are somewhat dependent on the fuel sulfur content and the quantity of oil available to the engine (larger engines have larger sump volumes) [Kittiwake, 2008] . Consumption of these specially designed oils will be observed within the PM emissions as OM; therefore, OM will be related to both fuel sulfur content and engine type. The inverse relationship between BC and fuel sulfur is a secondary one and is in fact primarily due to the operating conditions of each engine type. BC emissions are heavily dependent on engine type and are constant for SSD engines and highly variable for MSD engines (also presented by Lack et al. [2008a, Figures S1c and S1d] ). Some studies have assumed that most PM emissions are a result of the fuel sulfur forming sulfuric acid droplets and SO 4 2À particles and these studies seek a correlation between total PM mass emissions to fuel sulfur content [Lloyd's Register, 1995; Sax and Alexis, 2007] . This assumption seems to be justified on first principles of combustion and when considering inventory assumptions of Eyring et al. [2005a] (shown in Figure 11a ) who estimated that SO 4 2À contributes 81% of PM mass. The data presented here show that both SO 4 2À and OM are related to fuel sulfur content and explain the weaker than expected relationship between PM mass and fuel sulfur content of Sax and Alexis [2007] .
Fuel Sulfur and Particle Size
[29] Figure 6 suggests that high sulfur containing fuels produce more small particles than low sulfur containing fuels. The extinction Angstrom exponent (Å Ext,355nm,1064nm ) 9.7 ± 7.9 (24) 10.0 ± 7.4 (9)
9.5 ± 8.6 (14) 7.0 ± 6.8 (7) 11.3 ± 8.4 6.6 ± 5.7 (24) 6.7 ± 5.3 (9)
6.6 ± 5.9 (14) 4.4 ± 4.6 (7) 7.9 ± 5.7(15) 2.10 ± 0.73 (58) 2.3 ± 0.6 (29)
1.8 ± 0.7 (26) 2.6 ± 0.7 (19) 1.8 ± 0.5 (33) Å Ext,532nm,1064nm
1.87 ± 0.96 (54) 2.2 ± 1.0 (28) 1.5 ± 0.7 (23) 2.4 ± 1.2 (20) 1.5 ± 0.6 (30) Å Abs,440nm,530nm
0.93 ± 0.25 (24) 1.1 ± 0.3 (9) 0.8 ± 0.2 (14) 1.2 ± 0.2 (7) 0.8 ± 0.2 (16)
0.98 ± 0.20 (24) 1.1 ± 0.2 (9) 0.90 ± 0.1 (14) 1.2 ± 0.2 (7) 0.9 ± 0.1 (16) Å Abs,530nm,670nm
1.02 ± 0.19 (24) 1.1 ± 0.2 (9) 1.0 ± 0.1 (14) 1.2 ± 0.2 (7) 0.9 ± 0.1 (16) D00F04
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can provide an estimate of average particle size where an Å Ext,355nm,1064nm > 2 indicates a size distribution dominated by fine mode particles (e.g., <100 nm), usually from combustion sources whereas Å Ext,355nm,1064nm < 1 indicates a size distribution dominated by larger sizes (e.g., >500 nm) [Schuster et al., 2006] . An average Å Ext,355nm,1064nm for this study of 2.10 (median = 2.0) indicates that, as expected, the combustion emissions from shipping are dominated by fine mode particles. This indirect indication of particle size is consistent with previous studies that directly measured particle size distributions [Durkee et al., 2000; Frick and Hoppel, 2000; Hobbs et al., 2000; Kasper et al., 2007; Petzold et al., 2008] . Some size change within Figure 6 will be explained by downwind processing, examples of which are shown in Figures 4 and 10c , which accounts for some of the spread in the data. There are at least two processes contributing to the size distribution of the emitted particles. First, nucleation mode particles (e.g., sulfuric acid) can be emitted from, or formed immediately following combustion, as Petzold et al. [2008] suggested and as appears to be the case in the data presented here (Figure 4) . Second, different engine sizes burning the same fuel appear to emit very similar size distributions as shown by Lyyranen et al. [1999] . This distribution serves as the base for coagulation of the nucleation mode particles formed from the fuel sulfur.
Fuel Sulfur and Particle Single Scattering Albedo
[30] Particles emitted from vessels burning low-sulfur fuels are highly light absorbing with w 532nm values (reported for 25% RH) ranging from $0.15 -0.50 while vessels burning high-sulfur fuels emit a higher proportion of scattering material (w 532nm up to $0.8) (Figure 7) . The lowest w 532nm are consistent with those measured for poly disperse flame generated BC and diesel BC [Schnaiter et al., 2003] . Higher w values measured in poly disperse atmospheric particles are due to the presence of non-BC scattering material, such as SO 4 2À and OM. Both SSD and MSD engines emit PM with a wide range of w 532nm that generally decreases as fuel sulfur content decreases (Figure 7 ). This observed relationship between w 532nm and fuel sulfur content provides further confirmation that sulfurcontaining particles are formed very soon after the combustion process. The wide range of w 532nm from 0.1 to 0.6 for MSD may be an indication (1) of emission of other scattering material, such as unburned lubricating oils , (2) of the variable loads and corresponding exhaust temperatures typical of those vessels (tugs, ferries, etc.), or (3) that some of these ship engines are tuned for power (higher-temperature cylinder combustion) while some are tuned for economy (lower average cylinder temperatures and pressures).
Fuel Sulfur and Particle Relative Humidity Dependence
[31] The hygroscopicity of particles emitted from ships is dependent on fuel sulfur content (Figure 8 ). The hygroscopicity of the particle emissions can be represented by the RH dependence of particle extinction (presented as g Ext,532nm ). As RH increases, particles absorb water and their surface areas (and thus extinction) increase. Figure 8 suggests (as expected) that the SO 4 2À is responsible for the hygroscopicity of the PM. The effect on hygroscopicity has potential impacts on the lifetime of the particle. Particle water uptake influences a particle's ability to act as a CCN and thus makes it more likely to be processed into clouds and eventually precipitate out of the atmosphere. As fuel sulfur content is decreased it is likely that PM emissions will have longer lifetimes due to reduction in hygroscopic behavior. This lifetime will increase to the extent dictated by the proximity to, and processing within other air masses that can convert the nonhygroscopic shipping PM to a hygroscopic form. Within the marine boundary layer, other sources of hygroscopic material will include sea salt and SO 4 2À from dimethyl sulfide [Bates et al., 1992] . In the urban environment hygroscopic material will arise from SO 4 2À from other anthropogenic emissions.
Fuel Sulfur and Cloud Condensation Nuclei
[32] A positive correlation between CCN and fuel sulfur is shown in Figure 9 . Although this relationship is expected, assessments of the cloud nucleating ability of shipping emissions are very limited which contributes to the large uncertainty reported for the radiative forcing from ships [Capaldo et al., 1999; Lauer et al., 2007; Schreier et al., 2007] . Sinha et al. [2003] and Hudson et al. [2000] reported CCN to CN ratios (f CN as CCN ) of 0.4% to 19% for 12 vessels burning different fuel types (some of this data also included by Hobbs et al. [2000] ). These appear to be the only direct measurements of CCN from shipping emissions. We measured an average EF CCN of 0.16 Â 10 16 kg À1 which compares well to calculations by Petzold et al. [2008] of 0.166 Â 10 16 kg À1 . Figure 9 shows the fraction of total PM number that can act as CCN, which appears to increase 13% for every 1% increase in fuel sulfur, with very low sulfur fuels producing a minimum of 3% CCN. The existence of CCN without substantial fuel sulfur indicates that a small number of CCN are a result of a highly oxidized PM surface and/or mildly hygroscopic minerals or organics.
Plume Evolution Study
[33] On 8 August 2006 the RHB sampled downwind of a stationary tanker ship transecting the plume of the stationary vessel on seven occasions (Figure 10a ). These intersections occurred at various distances and times downwind (up to 7 min) and offered the opportunity to investigate plume processing and also test the precision of the experimental method.
[34] Figures 10b and 10c show w 532nm , g Ext,532nm , EF CN>5nm and Å Ext,355,1064nm for this plume. g Ext, 532nm shows a trend toward increasing hygroscopicity with time downwind of emission. The mechanism for this increase is likely the formation of sulfuric acid from gas phase SO 3 and uptake of that material onto existing PM. A g Ext,532nm of 1 indicates a significant amount of water uptake (hydrophobic aerosol will have a g Ext,532nm of $ 0.2 -0.4) and therefore a significant amount of hygroscopic material must be present. The uncertainties of w 532nm make it difficult to assess if w 532nm is increasing with time, which would indicate an increase in the relative amount of scattering particles that are hygroscopic (e.g., SO 4 2À ). In Figure 10b , w 532nm does appear to be constant, or increasing slightly, as the plume ages. Figure 10c shows that CN > 5 nm concentrations decrease with time downwind of emission; a likely loss through coagulation, indicated by an increase in average particle size, which is evidenced by the decrease in Å Ext,355nm,1064nm downwind of emission. These results are consistent with the results from sections 3.4 and 3.5.2 and point to physical and optical processing of the plume.
[35] Particle absorption provides the best opportunity to assess precision of the methods of calculating the emission factors. Once plume dilution is accounted for, particle absorption should not change significantly within the timeframe of this sampling. This is because more absorbing aerosol cannot be formed this quickly (if at all) and enhancement of absorption due to coating of scattering material does not appear to be effective within the timeframe of interest. Precision in b Abs,532nm measurements of the tankers plume was less than 8% [Lack et al., 2008a, Figure 1d ].
[36] These results show that the variability in measured emission factors observed in this data set is predominantly due to engine type and vessel activity rather than the reproducibility of the measurement techniques or ability to measure the processing of the PM.
Discussion
Estimate of Global PM Contribution
[37] Using the observation-derived emission factors in Table 5 [2008] . We note the significant composition differences (see Figure 11 ) where, for example Eyring et al. 31% SO 4 2À , and this study observed an average of 46% SO 4 2À . Each of these studies used different methods to obtain the results. Eyring et al. [2005a] utilize estimates of global PM and then define PM composition through the composition results of test bed studies on a single engine [Petzold et al., 2004] . This is potentially a major source of difference with this study, as test bed studies may not best represent the composition of emissions once they are diluted into the atmosphere. The results of Wang et al. [2008] are based on average emission rates combining past testing of in-service marine engines and some test bed results from studies over the past 20 years [Cooper, 2003] . These studies produced rather limited detail on BC specifically and PM speciation in general before the recent work focused on composition. In the study by Corbett and Koehler [2003] and related inventory studies, available emissions rate data was partitioned among PM species partly on the basis of combustion principles and consumption statistics of lubricating oils. The results presented here, represent directly measured emission factors from between 0.5 and 15 min after emission, combined with estimates of global fuel usage [Eyring et al., 2005a] . In the data from this study, differences in SO 4 2À emission factors may arise from secondary SO 4 2À production. As mentioned previously, most marine engines are tuned to reduce the impact of corrosive sulfurcontaining compounds within the engine and exhaust system, and as such sulfur is predominantly released as SO 2 . A few percent of sulfur emissions are released as SO 3 that is assumed to quickly convert to direct SO 4 2À PM. Figure 12 shows, for this study, that this percentage is variable between 1 and 8% (average of 2.85%), contributing a large amount of variability to the ''direct'' PM emission. However, Figure 12 also shows what appears to be a relationship (R 2 = 0.45) between this fraction and the time downwind of emission of the sulfur from the stack. This may be evidence of fast oxidation of SO 2 to secondary SO 4 2À (20 -30% h À1 ) If so, these conversion rates are much faster than the conversions measured in coal-fired power plant plumes (e.g., $ 10% h À1 [Brock et al., 2003] ). The availability of highly oxidized copollutants like NO X can increase the rates at which gaseous emissions oxidize. Dominguez et al. [2008] observed fast oxidation of ship-sourced SO 2 on sea salt particles, which may also contribute to the enhanced oxidation rates observed. Given that these data cannot independently establish whether the variability is due to the direct emission or secondary formation, it is critical to consider this uncertainty is assigning a direct SO 4 2À PM burden from shipping. From this discussion it might be expected that the results of Eyring et al. [2005a] would provide a lower limit to SO 4 2À emission. This is because their calculations were based on test bed studies, which should not allow for secondary SO 4 2À formation. However, because the contribution of SO 4 2À is $81% in the Eyring et al. [2005a] study, while our results show 46% SO 4 2À , we conclude that the compositional differences are related to the fact that the >200 vessels sampled better present an average PM composition than the test bed studies of a limited number of engines.
Expected Effects of Recently Adopted Fuel Sulfur Regulations
[38] Fuel sulfur content is one of the properties of shipping fuel that has been targeted for regional and global regulation through Annex VI to the International Convention on the Prevention of Pollution from Ships (MARPOL). Annex VI regulates sulfur emissions in two ways. First, it establishes a global cap for the sulfur content of fuel used on board ships. Second, it provides for the establishment of sulfur Emission Control Areas (ECAs), which require vessels to burn low-sulfur fuel within these areas; two such areas, have been established in the North and Baltic Seas. In 2008 the parties to MARPOL Annex VI approved vastly stricter sulfur emission control regulations for the global cap and for ECAs. These 2008 amendments contain changes to percentage limits, culminating in requirement that the sulfur content of on board fuel be limited to 0.5% starting 1 January 2020; a reduction from the 4.5% from Annex VI adopted in 1997. The sulfur content of fuels required in ECAs is also amended to be more stringent, requiring that the sulfur content of fuel used in these areas are not to exceed 0.10% starting 1 January 2015. One of the major impacts of these regulations will be the reduction in PM concentrations. We show in section 4.1 that almost 50% of PM measured within a few minutes of emission are a result of fuel sulfur. Also, the potential for much more PM due to secondary formation of SO 4 2À from SO 2 is very large. Here we summarize some of the data related to fuel sulfur content to assess the potential changes to PM properties from the adopted fuel sulfur regulations. Table 6 summarizes the changes in average emission factors for PM properties that influence climate and air quality, or those which can be attributed to fuel sulfur content. We use a fuel sulfur content separation of >0.5% and <0.5%, simulating the Annex VI amendments. Total PM mass and number emissions could drop by up to 50%, which would be a significant change across all impacted areas. SO 4 2À emissions, as expected, would drop significantly (almost 2 orders of magnitude) while OM emissions are potentially cut in half. Apart from the emission reductions, there are other potential effects on particulate type and amounts in the regulated regime. Therefore, caution is required in assessing the impacts of the following changes. The average w 532nm decreases by 0.2 while CCN emissions drop by an order of magnitude or more. Changes in PM composition and CCN together may have impacts on a number of areas. Most notably, even though PM mass emissions may be cut in half, PM lifetime may increase, as less of these particles form cloud droplets. An aerosol with a longer lifetime will make a larger contribution to air quality and an aerosol with a longer lifetime and stronger absorption will have a much larger impact on direct radiative forcing. If a reduction in required fuel sulfur content was introduced, the lifetime of the emitted particles would then be dictated by the chemistry of other air masses that eventually interact with shipping emissions. We also note that some of the observed relationships between fuel sulfur divisions may have contributions related to engine type, maintenance and operational characteristic, rather than purely the fuel type. This is most notable for OM (50% change) where engine type is known to play a role. BC and AMS+BC mass (total PM mass) will also be affected by engine type rather than just fuel sulfur.
Summary
[39] The chemical, physical and optical properties of particle emissions from more than 200 commercial shipping vessels were measured during the 2006 Texas Air Quality Study/Gulf of Mexico Atmospheric Composition and Climate Study. The data were used to compile an extensive database of the properties of particle emissions from commercial shipping. The following summarizes the major findings:
[40] 1. Particle composition is dictated by a number of factors, including fuel sulfur content, engine type, vessel activity and maintenance. Emissions of BC are strongly dependent on engine type and, as described by Lack et al. [2008a] , for MSD engines appear correlated to CO, an indicator of combustion efficiency and maintenance. As expected SO 4 2À emissions are dictated by fuel sulfur content, while OM is emitted as a function of both fuel sulfur and engine type. These results are critical in understanding the mechanisms that contribute to PM mass (and subsequent air quality issues), and the results show that both fuel type and vessel activity will be a strong contributor to PM composition and mass.
[41] 2. On average SSD engines appear to emit more mass and CN than MSD engines because of higher combustion temperatures and pressures, although there was no statistical correlations between CN and fuel sulfur content or engine load. It is very likely however that all three variables (fuel type, engine type, activity) influence total CN number concentrations.
[42] 3. Strong positive correlations of fuel sulfur with OM, SO 4 2À , CCN, particle water uptake and particle single scatter albedo (R 2 values all above 0.6) were observed and are thus mostly attributable to fuel sulfur content; providing correlation of PM properties to a single variable. These parameters are fundamental to the impact of these emissions on climate and provide direct links between the type of fuel used and the direct and indirect radiative effect of shipping PM.
[43] 4. Correlations between PM size distributions and fuel sulfur (R 2 = 0.64), and nucleation mode PM and time since emission indicate that particle size (for any engine type) is mostly dictated by the mechanisms of particle formation during combustion within the engine (assessed by Lyyranen et al. [1999] ). However, the few minutes following emission can strongly impact PM size through formation of sulfuric acid particles and coagulation of sulfuric acid with larger PM. [44] 5. Data from multiple interrogation of the same vessel plume shows excellent instrument precision and yields results that are consistent with plume processing studies. On the basis of this ability to measure precisely, the variability observed in the data set is attributed to vessel activity (operation characteristics), engine type and fuel type. This attribution is significant when attempting to understand emission dynamics and reduce the uncertainty in emissions from commercial vessels.
[45] 6. An assessment of global PM emission based on emission factors from this study showed that our calculated annual global contributions to PM from shipping were comparable to estimates within recent inventories. Although we calculate similar total PM mass to these inventories observations reported here show that PM composition differs from that previously assumed. This is likely due to a larger sample size in this study better representing the average than the limited statistics of previous studies. We found direct PM emissions of 0.90 Tg a À1 that contain 46% SO 4 2À , 39% OM and 15% BC.
[46] 7. Emissions by engine class (slow-, medium-and high-speed diesel engines, SSD, MSD, HSD) were found to vary, with more than twice as much OM and SO 4 2À emitted by SSD than MSD and HSD vessels and that more than twice as much BC emitted by MSD than SSD and HSD vessels [Lack et al., 2008a] .
[47] 8. High-sulfur fuels (>0.5% sulfur) emit more than twice as much PM, OM and CN as low-sulfur fuels (<0.5% sulfur). The number of CCN is significantly reduced from the combustion of low-sulfur fuels and the relative darkness of the PM increases as fuel sulfur decreases.
[48] 9. The impacts of altering fuel standards or engine technology can be assessed on the basis of the results presented here, with many of the properties having direct links to the climate and air quality impacts of shipping PM.
